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Stress is a signiﬁcant risk factor for the development of psychopathology, particularly
symptoms related to reward processing. Importantly, individuals display marked variation
in how they perceive and cope with stressful events, and such differences are strongly
linked to risk for developing psychiatric symptoms following stress exposure. However,
many questions remain regarding the neural architecture that underlies inter-subject
variability in perceptions of stressors. Using functional magnetic resonance imaging
(fMRI) during a Monetary Incentive Delay (MID) paradigm, we examined the effects of
self-reported perceived stress levels on neural activity during reward anticipation and
feedback in a sample of healthy individuals. We found that subjects reporting more
uncontrollable and overwhelming stressors displayed blunted neural responses in medial
prefrontal cortex (mPFC) following feedback related to monetary gains as well monetary
losses. This is consistent with preclinical models that implicate the mPFC as a key site
of vulnerability to the noxious effects of uncontrollable stressors. Our data help translate
these ﬁndings to humans, and elucidate some of the neural mechanisms that may underlie
stress-linked risk for developing reward-related psychiatric symptoms.
Keywords: medial prefrontal cortex (mPFC), perceived stress, reward processing, insula, Monetary Incentive
Delay task
INTRODUCTION
Alterations in reward-seeking and goal-directed behavior are a
common symptom of mental illness. In the broadest sense, such
alterations usually reﬂect a shift in how different options in the
environmentarevaluedandpursued,resulting ineitherareduced
motivation for experiences that were previously found to be
rewarding (Treadway and Zald, in press), or a heighted sense of
craving for particular rewards (e.g., drugs, food) (Volkow, 2004;
Everitt and Robbins, 2005). While progress has been made in
identifying the neural systems that participate in reward process-
ing behavior, many questions remain as to how these systems
become dysfunctional in clinical populations.
Exposure to stress is a central risk factor in the developmentof
psychiatric conditions characterized by prominent abnormalities
in reward-related processes, such as depression, schizophrenia,
and substance use (Kessler, 1997; Kendler et al., 1999, 2004;
Sinha, 2001, 2008; Yuii et al., 2007). The term stress describes
physically or emotionally demanding circumstances, frequently
involving the real or imagined threat of loss or pain (McEwen,
2007). This can include either physical or emotional pain, and
may occur in the context of professional, social and famil-
ial relationships. A wealth of data suggests that stress expo-
sure alters how individuals process and make decisions about
rewards in their environment (Bogdan and Pizzagalli, 2006; Koob
and Kreek, 2007; Pascucci et al., 2007; Pizzagalli et al., 2007;
Arnsten, 2009; Dias-Ferreira et al., 2009; Schwabe and Wolf,
2009; Cavanagh et al., 2010; Cabib and Puglisi-Allegra, 2011;
Mather and Lighthall, 2012; Shaﬁei et al., 2012). In particular,
stress has been found to blunt sensitivity to new information
about future rewards, a phenomenon that has been demon-
strated across a variety of experimental paradigms. For example,
under conditions of elevated stress, subjects were less sensi-
tive to reinforcement contingencies during a signal-detection
paradigm (Bogdan and Pizzagalli, 2006; Pizzagalli et al., 2007;
Bogdan et al., 2011). Similarly, subjects show diminished rein-
forcer devaluation immediately following stress, suggesting that
stress can produce habitual response patterns that are resistant
to changes in external or internal conditions (e.g., satiety) (Dias-
Ferreira et al., 2009; Schwabe and Wolf, 2009; Lemmens et al.,
2011).
Avarietyofevidencehighlightsacorticostriatalcircuitencom-
passing the striatum and medial prefrontal cortex (mPFC)
as a critical neurobiological substrate for stress-borne alter-
ations in reward processing. Data from preclinical studies sug-
gest that stress produces rapid changes in catecholamine levels
(Abercrombie et al., 1989; Pascucci et al., 2007), gene expres-
sion (Ons et al., 2010; Wang et al., 2010), and local circuit
remodeling (Arnsten, 2009) within these areas. Corroborating
observations have been made in human neuroimaging studies;
where stress has been shown to increase dopamine release (Scott
et al., 2006; Soliman et al., 2008; Lataster et al., 2011)a n da l t e r
neural responses to reward decision-making and anticipation
(Ossewaarde et al., 2011; Mather and Lighthall, 2012; Schwabe
et al., 2012).
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While these studies have helped identify the systems-level
mechanismsthatunderlieresponsestoanacutestressor,theygen-
erally do not address questions regarding the biological basis of
individual differences in how stressors are perceived. This issue
is critical for understanding how stress confers risk for devel-
oping psychopathology, as epidemiological studies reveal that
individuals who consider stressful experiences to be uncontrol-
lable and overwhelming are substantially more likely to develop
psychiatric symptoms following stress exposure (Kendler et al.,
1993, 2004; Kessler, 1997). This is particularly true for symptoms
related to impaired reward-reward processing, such as anhedonic
symptoms in depression and schizophrenia (Kuiper et al., 1986;
Docherty, 1996; Myin-Germeys et al., 2001; Hammen, 2005;
Myin-Germeys et al., 2005; Phillips et al., 2005; Rao et al., 2009).
Highlighting the importance of this distinction, rodent models
suggest that uncontrollable stressors produce a unique pattern
of neurobiological changes, particularly in the mPFC (Cabib and
Puglisi-Allegra, 1994, 2011; Bland et al., 2003; Amat et al., 2005;
Maier and Watkins, 2010). As compared to controllable stres-
sors (i.e., paradigms where instrumental action may alleviate the
stressor), repeated exposure to uncontrollable stressors can result
in learned helplessness behavior and anhedonia (Seligman et al.,
1968; Willner et al., 1992a,b; Amat et al., 2008).
The effects of recent stress perceptions on reward-processing
in otherwise non-stressful contexts has not been well-
characterized. Recent neuroimaging work in humans has
focusedon the useofexperimental paradigmsthat combinemea-
sures of reward processing with laboratory stress manipulations,
which can elucidate some of the neural mechanisms underlying
changes in reward-related behavior immediately following
exposure to stressful stimuli (Ossewaardeet al., 2011; Mather and
Lighthall, 2012; Porcelli et al., 2012). However, fewer studies have
examined how such networks are affected by perceptions of stress
over a longer time period. Consequently, the goal of the current
study was to explore associations between reward processing and
reported perceptions of stressors in the preceding month. The
advantage of this design is its ability to explore the consequences
of recent levels in perceived stress on neural networks supporting
reinforcement, which may help explain how prior stress exposure
can alter reward circuitry so as to confer risk for the subsequent
development of psychopathology.
Toaddressthisquestion,werecruitedasampleofhealthycom-
munity volunteers who completed a measure of perceived stress
over the past month, and then performed a behavioral reward-
processing task during a functional magnetic resonance imaging
(fMRI) scan. Recent levels of perceived stress were assessed using
the Perceived Stress Scale (PSS) (Cohen et al., 1983), a widely-
used instrument that measures the frequency, severity, and per-
ceived controllability of dailystressors over the previous 1-month
period. The PSS has been previously linked to risk for the devel-
opment of both physical and mental health symptoms (Kuiper
et al., 1986; Cobb and Steptoe, 1996; Culhane et al., 2001), as
well as elevations in stress hormones (Pruessner et al., 1999)
and inﬂammation (Maes et al., 1999). More importantly for the
aims of the current study, the PSS has been linked to alterations
in reinforcement learning assessed using a signal detection task
(Pizzagalli et al., 2007). To assess the effects of perceived stress
on reward processing, subjects were scanned while performing a
monetary-incentive delay (MID) task (Knutson et al., 2000). The
MID is a well-validated neuroimaging paradigmthat probes neu-
ral responses to anticipation of reward (i.e., motor preparation to
pursue reward) as well as integration of reward feedback. While
the former condition typically engages the ventral striatum, the
latter condition recruits mPFC, including aspects of pregenual
anterior cingulate cortex (ACC), anterior cingulate sulcus, and
Broadmann area 10 (Knutson et al., 2003, 2005). Importantly, the
MID has previously been used to identify alterations in neural
responses to reward processing in psychiatric populations with
reward-related symptoms (Juckel et al., 2006; Pizzagalli et al.,
2009).
Given the evidence reviewed above that stress is associated
with diminished sensitivity to reward information (Bogdan and
Pizzagalli, 2006; Pizzagalli et al., 2007; Schwabe and Wolf, 2009;
Bogdan et al., 2011) and that the striatum and mPFC may be par-
ticularly critical nodes involved in responses to perceived stress
(Cabib and Puglisi-Allegra, 1994, 2011; Amat et al., 2005), the
MIDappearsespeciallywell-suited asataskto probeneuralactiv-
ityin reward-relatednetworks thatmaybe aprioripredicted tobe
affected by levels of perceived stress.
METHODS
PARTICIPANTS
Participants were 38 volunteers recruited from the community.
Subject ages ranged from 18 to 34, with a mean age of 22.
Roughly equal numbers of men (n = 20) and women (n = 18)
participated. All subjects were screened for any contraindications
for participation in an MRI study, e.g., obesity, claustrophobia,
cochlear implant, metal fragments in eyes, cardiac pacemaker,
neural stimulator, and metallic body inclusions or other metal
implanted in the body, pregnancy.
MEASURE OF RECENT CHRONIC STRESS
To assess recent levels of chronic stress, all subjects were adminis-
tered thePSS.ThePSSisawell-validatedbriefself-reportmeasure
that has been widely used as an index of current-levels of chronic
daily-life stressors (Cohen et al., 1983). Subjects are asked to rate
the frequency and intensity of stressful events that have occurred
over the most recent one-month period. The PSS also incorpo-
rates items that ask subjects to rate the perceived predictability
and controllability of these stressors, as well has how over-
whelmed they felt. Examples of items from this measure include
“In the last month, how often have you felt difﬁculties were pil-
i n gu ps oh i g ht h a ty o uc o u l dn o to v e r c o m et h e m ? ”a n d“ I nt h e
last month, how often have you felt nervous or ‘stressed?”’ Each
item is rated using a 0–4 scale where 0 is deﬁned as “never” and
4 is deﬁned as “very often,” and scores are generated by summing
acrossthetotalnumberofitems(after appropriatereverse-coding
for 4 of the 10 items). Internal reliabilities (Cronbach’s-α)a c r o s s
the 10-item scalewererecently reported to be 0.91in two separate
national surveysthateach included2000 participants (Cohen and
Janicki-Deverts, 2012). The maximum score on this measure is
40, and the minimum is 0. While the PSS is not a clinical instru-
ment and therefore has no “cut-off” score related to diagnostic
categories, ithasbeen foundto predictmental andphysicalhealth
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outcomes, includingvulnerabilitytoinfections disease(Cobb and
Steptoe, 1996; Culhane et al., 2001) and depression (Kuiper et al.,
1986). More speciﬁcally to the domain of reward processing,
the PSS has been found to predict decreases in reward sensitiv-
ity using a signal-detection reinforcement task (Pizzagalli et al.,
2007).
MONETARY INCENTIVE DELAY (MID) TASK
The Monetary Incentive Delay(MID) task is a widely used assess-
ment of neural circuitry associated with reward anticipation and
processing of reward feedback (Knutson et al., 2000, 2003, 2005)
(see Figure1). Details of our MID task and fMRI scanning pro-
tocol have been published previously (Buckholtz et al., 2010).
Brieﬂy, during the task participants have the opportunity to win
or lose money by pressing a button during the very brief presen-
tation of visual target stimulus. For each trial, participants are
shownone ofsevencues, indicatingthatthey havethe potential to
win money (reward magnitude range = $0.20, $1.00, $5.00; n =
74), the potential to avoid losing money (loss magnitude range =
$0.20, $1.00, $5.00; n = 6 9 ) ,o rt h a tn om o n e yw a sa ts t a k ef o r
that trial (No Change trials; n = 37). Subjects were instructed to
ﬁxate on a cross-hair during a variable interval of 2000–2500ms
(anticipatory delay phase), and then respond to a white target
square that appeared for a variable length of time (target phase,
160–260ms) with a button press. For Potential Win trials, partic-
ipants were told that if they successfully pressed the button while
the target was onscreen (a “hit”) they won the amount of money
indicated bythecue,whilethere wasnopenaltyforfailingtopress
the button while the target was onscreen (a “miss”). For Potential
Loss trials, participants were told that no money was won or lost
forhits,butmisseswouldleadtoalossoftheamountindicatedby
the cuefor thattrial. A feedbackscreen (outcomephase, 1650ms)
followed the target’s disappearance. The feedback screen notiﬁed
participants how much money they won or lost during that trial,
and indicated their cumulative total winnings at that point. Even
though no money was at stake during the No Change trials, par-
ticipants were instructed to rapidly press the button during the
display of the target stimulus.
Before entering the scanner, participants completed a prac-
tice version of the task and were shown the money that they
could earn by performing the task successfully. Based on reac-
tion times obtained during the prescan practice session, target
durations were adjusted such that each participant succeeded
on approximately 66% of his or her responses. Each MID task
session is comprised of 4 functional runs, each approximately
7.73min long. The MID was programmed in E-Prime (http://
www.pstnet.com/products/e-prime/) and run off of a dedicated
Pentium computer from the scanner control room. The visual
display was presented on an LCD panel and back-projected onto
a screen positioned at the front of the magnet bore. Subjects
lay supine in the scanner and viewed the display on a mirror
positioned above them. Manual responses were recorded using a
keypad (Rowland Institute of Science, Cambridge MA).
fMRI DATA ACQUISITION
All fMRI scans were performed on two identically conﬁgured
3 Tesla Phillips Achieva scanners located at the Vanderbilt
University Institute for Imaging Science (VUIIS). T1-weighted
high-resolution 3D anatomical scans were obtained for each
participant (FOV 256 × 256, 1 × 1 × 1mm resolution). Fast
spin echo axial spin density weighted (TE = 19, TR = 5000,
3mm thick) and T2-weighted (TE = 106, TR = 5000, 3mm
thick) slices were obtained to exclude any structural abnor-
malities. Additionally, a ﬁeld map was additionally collected in
order to remove distortion caused by inhomogeneity. Functional
(T2∗ weighted) imageswere acquiredusing agradient-echo echo-
planar imaging (EPI) pulse sequence with the following param-
eters: TR = 2000ms, TE = 25ms, ﬂip angle 90◦, FOV 240 ×
240mm, 128 × 128 matrix with 30 axial oblique slices (2.5mm,
0.25mm gap)oriented approximately15degrees fromthe AC-PC
line. The slice prescription was adjusted for each subject to ensure
coverage of the midbrain,ventral striatum, amygdala, mPFC, and
orbital gyrus. Higher-order shimming was employed to compen-
sate for magnetic ﬁeld inhomogeneity in the orbitofrontal/ventral
striatal region. fMRI volume acquisitions were time-locked to the
offset of each cue and each target, so were thus acquired dur-
ing anticipatory and during outcome periods. 242 volumes were
acquired for each functional run.
fMRI DATA PREPROCESSING AND ANALYSIS
PriortorandomeffectsanalysisinSPM5,allfMRItimeseriesdata
received conventional preprocessing, including slice-timing cor-
rection, spatialrealignment,normalizationintoastandardstereo-
tactic space (MNI) and smoothed with a 6mm full-width-half
FIGURE 1 | SchematicdiagramoftheMonetaryIncentiveDelay(MID) task
used in the current study. Participants began each trial presented with 1 of 7
reward cues indicating whether they had an opportunity to gain reward, lose
reward, or experience no change if they successfully pressed a button before a
visual target disappeared on the screen. After the trial cue presentation,
participants ﬁxated on a centered cross-hair while waiting for the target to
appear (anticipatory delay). The target would then appear for a variable amount
of time during which subjects wouldattempt to press abutton before the target
disappeared. Afterwards, subjects received feedback as to whether or not they
had been successful, and what the monetary outcome was for the trial.
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maximum gaussian kernel. Functional images were slice-time
corrected using the middle slice as a reference, motion corrected
via spatial realignment (4th degree B-spline) of all images to
a mean image after alignment to the ﬁrst image of each run.
Following realignment, the Fieldmap toolbox was used to cre-
ate voxel displacement maps (VDMs) from static magnetic ﬁeld
(B0) maps acquired during each scan session. These VDMs were
used to correct forsusceptibility-X-movement-related distortions
in the EPI images. These distortion-corrected images were then
co-registered to the subject’s anatomical image. Images were
spatially normalized (4th degree B-spline) into a standard stereo-
tactic space (MNI template), re-sampled into 2mm isotropic
voxels, and smoothed with a 6mm full-width-half-maximum
gaussian kernel. We then applied a high-pass ﬁlter (128s cut-
off) to remove low-frequency signal drift. Each subject’s data
were inspected for excessive motion—only subjects with <3mm
motion in every direction across all runs were included in anal-
yses. For single-subject analyses, trials were pooled across the
levels of monetary value for a given condition. Onsets for the
anticipatory delay period and for the feedback period of each of
the three trial types were separately modeled using a canonical
hemodynamic response function (HRF) with a time derivative.
In addition, six head motion parameter estimates (translation
in x, y, z; roll, pitch, yaw) were included as covariates in the
design matrix. Each run was modeled separately. We then con-
trasted the beta-weights of repressors using a t-test between
trial types to create, for each subject, a contrast image show-
ing voxels that were differentially activated as a function of task
conditions.
Based on our ap r i o r ihypotheses regarding the relationship
between perceived stress and corticostriatal function, our group
analyses included associations between PSS scores and neural
activity during both the anticipatory and feedback phases. For
the anticipatory phase, we separately examined the relationship
between PSSscoresandcontrastsof PotentialWin Anticipation >
No Change Anticipation and Potential Loss Anticipation > No
Change Anticipation. Note that these analyses included all tri-
als for each of the conditions regardless of the outcome of the
trial. In contrast, analyses of the feedback phase were depen-
dent upon the outcome of the trial. Because we were primar-
ily interested in responses to gains or losses, analysis of the
Feedback phase focused on the contrasts of Win Feedback > No
Change Feedback and Loss Feedback > No Change Feedback.
For the Win Feedback > No Change Feedback contrast, we only
modeled trials in which the subject had successfully achieved
a “Hit,” meaning they had responded before the target disap-
peared from the screen, and therefore received feedback indi-
cating a monetary gain of the amount available on the given
trial. Potential Win and No Change trials where the subject
failed to respond quickly enough (a “Miss”) were not included
in this contrast because there was no change in money in those
trials. Conversely, for Loss Feedback trials, we only modeled
trials in which the subject failed to respond before the target
disappeared from the screen (“a Miss”), and received feedback
informing them that they had lost money. For the Loss Feedback
contrast, we did not model Potential Loss or No Change tri-
als in which the subject achieved a “Hit” and avoided a loss
of money because there was no change in money on those
trials.
Random effects analyses of fMRI data were performed in
SPM5 by regressing subjects’ perceived stress scores against
contrast images with subject sex and scanner as covari-
ates in the model. While effects of sex on reward process-
ing were not the focus of the current study, past studies
have suggested the possibility of sex differences in response
to stress (e.g., Mather and Lighthall, 2012). Consequently,
to control for the possible differences of sex, we included
it as a covariate. This approach has been used in a num-
ber of prior publications involving individual differences
in reward processing from our lab (e.g., Buckholtz et al.,
2010).
All analyses were whole-brain, and SPMs were explored using
a voxel-wise threshold of p < 0.005 (uncorrected) and a min-
imum cluster extent of 20 voxels. Whole-brain correction for
multiple comparisons was achieved using a cluster-extent cor-
rection procedure as implemented in SPM5. Only results sur-
viving this cluster-correction (pcluster < 0.05) are reported. For
contiguous clusters that spread across multiple regions, the auto-
mated labeling atlas (AAL) was used to divide clusters so as
to differentiate between structures. After signiﬁcant clusters had
been identiﬁed, parameter estimates reﬂecting task-dependent
changes in BOLD signal for each subject were extracted and
entered into SPSS19 (IBM, Armonk, NY) for the purposes of
visualization.
RESULTS
PSS SCORES
Subjectscores onthe10-item PSSrangedfrom0to 32(M = 14.7,
SD = 7.5)outamaximumpossiblescoreof40ontheinstrument.
These results are consistent with normative data on this instru-
ment for subjects within this age range (M = 14.2, SD = 6.2)
(Cohen and Williamson, 1988).
NEUROIMAGING DATA: MID RESULTS
Win and loss feedback
Consistent with numerous prior studies using the MID task,
a contrast of Win Feedback > No Change Feedback revealed
increased BOLD signal in bilateral mPFC encompassing aspects
of pregenual cingulate and medial prefrontal gyrus (Peak:
x =− 6, y = 44, z =− 2; Z-score = 6.13; k = 763; pcluster <
0.001) [all coordinates are given in the stereotactic space of
the Montreal Neurological Institute (MNI)]. A similar region
of mPFC of was identiﬁed in the processing of monetary losses
during the contrast of Feedback Loss > No Change Feedback,
where subjects received feedback that they had missed the tar-
get and therefore experienced a monetary loss (Peak: x =− 8,
y = 48, z = 14; Z-score = 4.01, k = 140, pcluster = 0.034) (see
Table 1).
Potential reward and loss anticipation
Also in keeping with prior ﬁndings using the MID, we observed
robust activation in the ventral striatum during the contrast of
Potential Win Anticipation > No Change Anticipation, as well
as activity in amygdala, hippocampus, insula, mPFC, thalamus
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Table 1 | Brain regions activated during reward anticipation and feedback conditions of the MID task.
Region xyzZ -score kp (cluster)
REWARD FEEDBACK:WIN > NO CHANGE
Medial prefrontal cortex −64 4 −26 .13 763 < 0.001
R posterior hippocampus 24 −40 0 4.90 190 0.004
REWARD FEEDBACK: LOSS > NO CHANGE
Medial prefrontal cortex −84 8 1 4 4 .01 140 0.034
REWARD ANTICIPATION:WIN > NO CHANGE
L ventral striatum −68 −47 .81 611 < 0.001
R ventral striatum 12 14 −47 .29 647 < 0.001
L anterior insula −28 18 −47 .29 685 < 0.001
R anterior insula 36 20 −86 .76 467 < 0.001
L cerebellum −32 −54 −22 6.98 3800 < 0.001
R cerebellum 8 −66 −10 7.15 3800 < 0.001
Lt h a l a m u s −8 −14 10 6.91 1068 < 0.001
Rt h a l a m u s 4 −14 8 6.77 1068 < 0.001
L amygdala −20 0 −14 6.73 103 0.048
R amygdala 18 4 −16 6.54 121 0.025
L hippocampus −16 −26 −10 6.70 269 < 0.001
R hippocampus 18 −24 −12 6.34 152 0.004
Medial prefrontal cortex/dorsal ACC 0 30 26 5.72 810 < 0.001
REWARD ANTICIPATION: LOSS > NO CHANGE
L anterior insula −28 18 −46 .18 505 < 0.001
R anterior insula 36 20 −88 .95 398 < 0.001
L cerebellum −30 −56 −20 7.35 3907 < 0.001
R cerebellum 8 −66 −10 7.26 3907 < 0.001
L ventral striatum −81 0 −46 .47 548 < 0.001
R ventral striatum 10 8 4 7.28 628 < 0.001
L amygdala −20 0 −12 6.73 105 0.047
R amygdala 20 2 −14 6.65 125 0.024
Lt h a l a m u s −8 −14 10 6.71 1031 < 0.001
Rt h a l a m u s 4 −14 10 6.41 1031 < 0.001
L hippocampus −20 −26 −86 .26 197 0.001
R hippocampus 18 −28 −85 .44 89 0.042
Medial prefrontal cortex/dorsal ACC −23 2 2 6 5 .12 382 < 0.001
and cerebellum. A similar pattern of activation was obtained
during the contrast of Potential Loss Anticipation > No Change
Anticipation (see Table 1).
NEUROIMAGING DATA: CORRELATIONS WITH PERCEIVED STRESS
Reward and loss feedback
We regressed PSS scores against reward feedback activity dur-
ing the Win Feedback > No Change Feedback contrast, and
found a signiﬁcant inverse association in bilateral mPFC, pri-
marily in pregenual ACC and cingulate sulcus (Peak: x =
0, y = 50, z = 4; Z-score = 3.53; k = 132, pcluster = 0.023)
(see Table 2; Figure2). This association suggests that indi-
viduals reporting higher levels of stress in the preceding
month exhibited diminished amounts of BOLD signal in this
region.
We next examined the relationship between perceived stress
and reward feedback activation during the Loss Feedback >
No Change Feedback contrast, and again found a signiﬁcant
Table 2 | Brain regions showing an association with PSS scores.
Region xy z Z -score kp (cluster)
REWARD FEEDBACK: WIN > NO CHANGE
Medial prefrontal cortex 0 50 4 3.53 132 0.023
REWARD FEEDBACK: LOSS > NO CHANGE
Medial prefrontal cortex −84 81 44 .01 140 0.034
L anterior insula −64 68 3 .62 132 0.041
REWARD ANTICIPATION: WIN > NO CHANGE
–– – – – – –
REWARD ANTICIPATION: LOSS > NO CHANGE
–– – – – – –
inverse association in mPFC (Peak: x =− 6, y = 46, z = 8;
Z-score = 3.62; k = 132; pcluster = 0.041) as well as a region
of left anterior insula (Peak: x =− 44, y = 26, Z-score = 4.17;
k = 182; pcluster = 0.009) (see Table 2; Figure3). This ﬁnding
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FIGURE 2 | Association between Perceived Stress and mPFC BOLD
signal during a contrast of Win Feedback > No Change Feedback.
(A) SPM depicting mPFC cluster. Cluster is signiﬁcant after correcting for
multiple-comparisons using a cluster-extent correction procedure
pcluster = 0.023. Color-bar indicates t-statistic. (B) Partial regression plot,
which normalizes variables relative to model-covariates, depicting the
relationship between perceived stress and mPFC BOLD response during Win
Feedback > No Change Feedback. NB: the effect is still signiﬁcant when the
potentially inﬂuential data point in the bottom right corner of the graph is
removed.
suggests that higher PSS scores were associated with reduced neu-
ral responses in both mPFC and insula when subjects received
feedback that they had experienced a monetary loss.
Potential reward and loss anticipation
There were no suprathreshold voxels showing an association
between PSS scores and neural activity during the anticipation
phase for either the Potential Win Anticipation > No Change or
Potential Loss Anticipation > No Change contrasts.
DISCUSSION
The present study tested the relationship between individual dif-
ferences in perceptions of recent life stressors and corticostriatal
circuit functioning during reward processing. We found that
higher levels of perceived stress were associated with diminished
neural responses in the mPFC when subjects received feedback
about monetary rewards and losses. These ﬁndings support a
growing body of evidence implicating the mPFC as a critical
region for stress-linked changes in reward processing.
The localization to mPFC is notable for several reasons.
First, mPFC is known to be structurally vulnerable to chronic
stress. Numerous independent studies in animals have shown
that chronic stress incites a retraction of dendritic morphol-
ogy within the mPFC (Cook and Wellman, 2004; Radley et al.,
2005, 2006a,b; Cerqueira et al., 2007); for a review, see McEwen
(2007), impairing its capacity to communicate with other stri-
atal and limbic regions involved in reward salience and learning
(Dias-Ferreira et al., 2009). While the mechanisms of this sus-
ceptibility are not fully understood, strong evidence suggests that
prefrontal glucocorticoid elevations play a key role (McEwen,
2007): along with the hippocampus, the mPFC expresses a high
number of glucocorticoid receptors (Chao et al., 1989; Ahima
and Harlan, 1990; Patel et al., 2000), and participates in negative
feedback regulation of glucocorticoid release (Akana et al., 2001;
Mizoguchi et al., 2003). Further, site-injections of glucocorticoids
have been found to mimic the structural consequences of chronic
stress within mPFC (Wellman, 2001; Cerqueira et al., 2005a,b,
2007). Consistent with these preclinical ﬁndings, elevated corti-
sol levels in humans have been found to correlate with reduced
gray matter volume in this region (Castro-Fornieles et al., 2009;
Treadway et al., 2009).
Such stress-related microdamage in mPFC impacts a variety
of cognitive processes (Liston et al., 2006; McEwen, 2007). In
the context of reward, stressors can increase habitual response
patterns that are insensitive to changing reinforcement context.
(Schwabe and Wolf, 2009; Soares et al., 2012). Importantly,
this stress-induced shift toward habitual responding has been
linked to diminished mPFC activity in response to reward
information (Schwabe et al., 2012). Consistent with the cur-
rent ﬁndings, these data suggest that stress-induced shifts in
mPFC function—possibly reﬂecting structural microdamage
(Dias-Ferreira et al., 2009)—may impair appropriate encoding
of value information. This proposed role for mPFC function
is consistent with electrophysiological data recorded in non-
human primates, where individual neurons within mPFC—
especially the ACC and cingulate sulcus—have been shown to
play a vital role in incorporating reward feedback informa-
tion as a means of encoding action-outcome relationships and
updating values for subsequent behaviors (Wallis and Kennerley,
2010). Our data would appear to corroborate this model, sug-
gesting that elevated stress reduces the capacity to accurately
encode the appropriate salience of new information. In keep-
ing with this proposal, individual differences in the PSS have
been previously linked to decreased sensitivity to reinforcement
information during a signal detection task (Pizzagalli et al.,
2007).
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FIGURE 3 | Association between Perceived Stress and mPFC BOLD
signal during a contrast of Loss Feedback > No Change
Feedback. (A) SPM depicting mPFC and insula clusters. Clusters are
signiﬁcant after correcting for multiple-comparisons using a
cluster-extent correction procedure pcluster < 0.05. Color-bar indicates
t-statistic. (B) Partial regression plots depicting the relationship
between perceived stress and BOLD response during Loss
Feedback > No Change Feedback in mPFC and left anterior insula.
NB: the effect is still signiﬁcant when potentially inﬂuential data point
in the bottom right corner of the graph is removed.
Somewhat unexpectedly, we did not observe any associa-
tions between perceived stress and neural activity during the
anticipation phase. On the surface, this is surprising, as sev-
eral fMRI studies using acute stressors have observed direct
effects on reward anticipation and anticipatory decision-making,
rather than reward feedback (Ossewaarde et al., 2011; Mather
and Lighthall, 2012; Porcelli et al., 2012). This discrepancy may
partly reﬂect the fact that unlike studies that use an acute, in-
the-moment stress manipulation to examine neural responses
to stress (Ossewaarde et al., 2011; Mather and Lighthall, 2012;
Porcelli et al., 2012), the current study used the PSS to test the
association between a recent history of elevated stress perceptions
to reward and loss processing. It is increasingly recognized that
the neural mechanisms governing acute vs. chronic stressors are
somewhat distinct (Cabib and Puglisi-Allegra, 2011). Moreover,
animal models suggest that it is chronic stress that is most likely
to affect the various forms of structural microdamage in mPFC
discussed above. Consequently, the selective associations between
PSS scores and feedback-related activity may reﬂect the duration
of stress that is captured by the PSS. In addition to this tem-
poral dimension, the PSS assesses subjects’ perceptions of their
ability to cope with, control and adapt to stressful experiences.
Perceived controllability has marked effects on the neurobio-
logical consequences of stress, and has similarly been localized
to mPFC (Cabib and Puglisi-Allegra, 1994; Amat et al., 2005,
2008; Pascucci et al., 2007; Maier and Watkins, 2010). Additional
research will be required to fully understand the implications of
these divergent responses in mPFC as a function of chronicity
and subjective perception. That said, it should be emphasized
that it is stressors that are experienced as being chronic, unpre-
dictable and uncontrollable that are most likely to increase risk
for psychopathology, rather than acute stressors (Docherty, 1996;
Kessler, 1997; Kendler et al., 2004; Hammen, 2005).
It is also worth commenting on the similar pattern of results
observed for both the “Win” and “Loss” conditions. This stands
in contrast with a number of recent papers showing divergent
effects of stress on reward learning and decision-making, where
acute stress has been found to selectively facilitate learning about
wins while impairing learning about punishment (Petzold et al.,
2010; Cavanagh et al., 2011; Mather and Lighthall, 2012; Porcelli
et al., 2012). Interestingly, one distinction that emerged between
the two conditions was that perceived stress was associated with
Frontiers in Human Neuroscience www.frontiersin.org May 2013 | Volume 7 | Article 180 | 7Treadway et al. Perceived stress and mPFC
decreased left anterior insula activity during the Loss trials, but
not the Win trials. The anterior insula is increasingly recognized
asanimportant regioninvalue-baseddecision-makingingeneral
(Weller et al., 2009; Treadway et al., 2012) and punishment-
avoidance learning in particular (Kim et al., 2006; Pessiglione
et al., 2006; Samanez-Larkin et al., 2008; Palminteri et al., 2012).
Moreover, alterations in anterior insula activity during reward
decision-making have been observed as a consequence of stress
(MatherandLighthall, 2012). Giventhe apparentvalence-speciﬁc
role of the anterior insula in avoidance-learning, it is intrigu-
ing that neural activity in this region showed an association with
perceived stress only during the loss condition. As with mPFC,
reduced activity in this region during feedback may contribute to
decreased encoding of reinforcer information following stress.
In sum, the current ﬁndings help identify how variation in
perceived stress inﬂuence neural circuitry involved in respond-
ing to reward feedback information. Understanding how the
brain is affected by elevated stress load is important for under-
standing stress-linked risk for psychopathology. Our ﬁndings
primarily highlight the mPFC, which is widely implicated in a
number of fundamental cognitive processes related to affect reg-
ulation(Ochsner and Gross, 2005; Etkin et al., 2006), value-based
decision-making (Rushworth et al., 2004; Wallis and Kennerley,
2010), andself-evaluationandnegative self-judgment (Enzi et al.,
2009). Importantly, structural, functional, and neurochemical
alterations in mPFC have been reported across a number of psy-
chiatric diagnoses (Coryell et al., 2005; Fitzgerald et al., 2008;
Goldstein et al., 2009; Koch et al., 2009; Shinet al., 2009; Fineberg
et al.,2010; Treadwayand Zald, 2011; Gabbayet al., 2012; Keating
et al., 2012). Taken together these ﬁndings implicate mPFC as a
transdiagnostic nexus, wherein dysfunction predisposes diverse
forms of psychopathology that, while categorically distinct, may
be symptomatically related due to shared deﬁcits in mPFC-
subserved cognitive processes (Buckholtz and Meyer-Lindenberg,
2012). While our study did not include a patient sample, the
present data indicate that associations with perceived stress can
be observed even in samples with no overt psychopathology.
Given the well-known link between perceived stress and the risk
for developing such disorders, our data support the hypothesis
that the mPFC is a critical node of vulnerability for developing
stress-linked reward processing symptoms.
ACKNOWLEDGMENTS
This research wasfundedbytheNationalInstitute onDrugAbuse
(R01DA019670-04)toDavidH.ZaldandtheNationalInstitute of
Mental Health (F31MH087015-01) to Michael T. Treadway.
REFERENCES
Abercrombie, E. D., Keefe, K. A.,
Difrischia, D. S., and Zigmond, M.
J. (1989). Differential effect of stress
on in vivo dopamine release in
striatum, nucleus accumbens, and
medial frontal cortex. J. Neurochem.
52, 1655–1658.
Ahima, R. S., and Harlan, R. E. (1990).
Charting of type II glucocorti-
coidreceptor-like immunoreactivity
in the rat central nervous system.
Neuroscience 39, 579–604.
Akana, S. F., Chu, A., Soriano, L.,
and Dallman, M. F. (2001).
Corticosterone exerts site-speciﬁc
and state-dependent effects in
prefrontal cortex and amygdala on
regulation of adrenocorticotropic
hormone, insulin and fat depots.
J. Neuroendocrinol. 13, 625–637.
Amat, J., Baratta, M. V., Paul, E., Bland,
S. T., Watkins, L. R., and Maier,
S. F. (2005). Medial prefrontal cor-
tex determines how stressor con-
trollability affects behavior and dor-
sal raphe nucleus. Nat. Neurosci. 8,
365–371.
Amat, J., Paul, E., Watkins, L. R.,
and Maier, S. F. (2008). Activation
of the ventral medial prefrontal
cortex during an uncontrol-
lable stressor reproduces both
the immediate and long-term
protective effects of behav-
ioral control. Neuroscience 154,
1178–1186.
Arnsten, A. F. (2009). Stress signalling
pathways that impair prefrontal
cortex structure and function. Nat.
Rev. Neurosci. 10, 410–422.
Bland, S. T., Hargrave, D., Pepin, J.
L., Amat, J., Watkins, L. R., and
Maier, S. F. (2003). Stressor control-
lability modulates stress-induced
dopamine and serotonin efﬂux
and morphine-induced serotonin
efﬂux in the medial prefrontal
cortex. Neuropsychopharmacology
28, 1589–1596.
Bogdan, R., and Pizzagalli, D. A.
(2006). Acute stress reduces reward
responsiveness: implications for
depression. Biol. Psychiatry 60,
1147–1154.
Bogdan, R., Santesso, D. L., Fagerness,
J., Perlis, R. H., and Pizzagalli, D.
A. (2011). Corticotropin-releasing
hormone receptor type 1 (CRHR1)
genetic variation and stress inter-
act to inﬂuence reward learning.
J. Neurosci. 31, 13246–13254.
Buckholtz, J. W., and Meyer-
Lindenberg, A. (2012). Psycho-
pathology and the human
connectome: toward a transdi-
agnostic model of risk for mental
illness. Neuron 74, 990–1004.
Buckholtz, J. W., Treadway, M. T.,
Cowan, R. L., Woodward, N. D.,
Benning, S. D., Li, R., et al. (2010).
Mesolimbic dopamine reward sys-
tem hypersensitivity in individu-
als with psychopathic traits. Nat.
Neurosci. 13, 419–421.
Cabib, S., and Puglisi-Allegra, S.
(1994). Opposite responses of
mesolimbic dopamine system to
controllable and uncontrollable
aversive experiences. J. Neurosci. 14,
3333–3340.
Cabib, S., and Puglisi-Allegra, S.
(2011). The mesoaccumbens
dopamine in coping with stress.
Neurosci. Biobehav. Rev. 36, 79–89.
Castro-Fornieles, J., Bargallo, N.,
Lazaro, L., Andres, S., Falcon,
C., Plana, M. T., et al. (2009). A
cross-sectional and follow-up voxel-
based morphometric MRI study
in adolescent anorexia nervosa.
J. Psychiatr. Res. 43, 331–340.
Cavanagh, J. F., Frank, M. J., and Allen,
J. J. (2010). Social stress reactiv-
ity alters reward and punishment
learning. Soc. Cogn. Affect. Neurosci.
6, 311–320.
Cavanagh, J. F., Frank, M. J., and Allen,
J. J. (2011). Social stress reactiv-
ity alters reward and punishment
learning. Soc. Cogn. Affect. Neurosci.
6, 311–320.
Cerqueira, J. J., Catania, C.,
Sotiropoulos, I., Schubert, M.,
Kalisch, R., Almeida, O. F., et al.
(2005a). Corticosteroid status
inﬂuences the volume of the rat
cingulate cortex – a magnetic res-
onance imaging study. J. Psychiatr.
Res. 39, 451–460.
Cerqueira, J. J., Pego, J. M., Taipa, R.,
Bessa, J. M., Almeida, O. F., and
Sousa, N. (2005b). Morphological
correlates of corticosteroid-induced
changes in prefrontal cortex-
dependent behaviors. J. Neurosci.
25, 7792–7800.
Cerqueira, J. J., Mailliet, F., Almeida, O.
F., Jay, T. M., and Sousa, N. (2007).
The prefrontal cortex as a key tar-
get of the maladaptive response to
stress. J. Neurosci. 27, 2781–2787.
C h a o ,H .M . ,C h o o ,P .H . ,a n dM c E w e n ,
B. S. (1989). Glucocorticoid
and mineralocorticoid receptor
mRNA expression in rat brain.
Neuroendocrinology 50, 365–371.
Cobb, J. M., and Steptoe, A. (1996).
Psychosocial stress and suscepti-
bility to upper respiratory tract
illness in an adult population
sample. Psychosom. Med. 58,
404–412.
Cohen, S., and Janicki-Deverts, D.
(2012). Who’s stressed? distribu-
tions of psychological stress in
the United States in probability
samples from 1983, 2006, and
2009. J. Appl. Soc. Psychol. 42,
1320–1334.
Cohen, S., Kamarck, T., and
Mermelstein, R. (1983). A global
measure of perceived stress.
J. Health Soc. Behav. 24, 385–396.
Cohen, S., and Williamson, G. M.
(1988). “Perceived stress in a prob-
ability sample of the United States,”
in The Social Psychology of Health,
eds S. Shirlynn and S. Oskamp.
(Newbury Park, CA: Sage). 31–67.
Cook, S. C., and Wellman, C. L. (2004).
Chronic stress alters dendritic mor-
phology in rat medial prefrontal
cortex. J. Neurobiol. 60, 236–248.
Coryell, W., Nopoulos, P., Drevets, W.,
Wilson, T., and Andreasen, N. C.
Frontiers in Human Neuroscience www.frontiersin.org M a y2 0 1 3|V o l u m e7|A r t i c l e1 8 0| 8Treadway et al. Perceived stress and mPFC
(2005). Subgenual prefrontal cor-
tex volumes in major depressive
disorder and schizophrenia: diag-
nostic speciﬁcity and prognostic
implications. A m .J .P s y c h i a t r y162,
1706–1712.
Culhane, J. F., Rauh, V., McCollum,
K .F . ,H o g a n ,V .K . ,A g n e w ,K . ,
and Wadhwa, P.D. (2001). Maternal
stress is associated with bacte-
rial vaginosis in human pregnancy.
Matern. Child Health J. 5, 127–134.
Dias-Ferreira, E., Sousa, J. C., Melo,
I., Morgado, P., Mesquita, A.
R., Cerqueira, J. J., et al. (2009).
Chronic stress causes frontostri-
atal reorganization and affects
decision-making. Science 325,
621–625.
Docherty, N. M. (1996). Affective reac-
tivity of symptoms as a process dis-
criminator inschizophrenia. J. Nerv.
Ment. Dis. 184, 535–541.
Enzi, B., De Greck, M., Prosch, U.,
Tempelmann, C., and Northoff,
G. (2009). Is our self nothing
but reward? Neuronal overlap and
distinction between reward and
personal relevance and its rela-
tion to human personality. PLoS
ONE 4:e8429. doi: 10.1371/jour-
nal.pone.0008429
Etkin, A., Egner, T., Peraza, D. M.,
Kandel, E. R., and Hirsch, J. (2006).
Resolving emotional conﬂict: a role
for the rostral anterior cingulate
cortex in modulating activity in the
amygdala. Neuron 51, 871–882.
Everitt,B. J.,and Robbins,T. W.(2005).
Neural systems of reinforcement for
drug addiction: from actions to
habits to compulsion. Nat. Neurosci.
8, 1481–1489.
Fineberg, N. A., Potenza, M. N.,
Chamberlain, S. R., Berlin, H.
A., Menzies, L., Bechara, A.,
et al. (2010). Probing compulsive
and impulsive behaviors, from
animal models to endophe-
notypes: a narrative review.
Neuropsychopharmacology 35,
591–604.
Fitzgerald, P. B., Laird, A. R., Maller,
J., and Daskalakis, Z. J. (2008).
A meta-analytic study of changes
in brain activation in depression.
Hum. Brain Mapp. 29, 683–695.
Gabbay, V., Mao, X., Klein, R. G., Ely,
B .A . ,B a b b ,J .S . ,P a n z e r ,A .M . ,
et al. (2012). Anterior cingulate cor-
tex gamma-aminobutyric acid in
depressed adolescents: relationship
to anhedonia. Arch. Gen. Psychiatry
69, 139–149.
Goldstein, R. Z., Alia-Klein, N.,
Tomasi, D., Carrillo, J. H., Maloney,
T., Woicik, P. A., et al. (2009).
Anterior cingulate cortex hypoac-
tivations to an emotionally salient
task incocaineaddiction. Proc. Natl.
Acad. Sci. U.S.A. 106, 9453–9458.
Hammen, C. (2005). Stress and depres-
sion. Annu. Rev. Clin. Psychol. 1,
293–319.
Juckel, G., Schlagenhauf, F., Koslowski,
M., Wustenberg, T., Villringer,
A., Knutson, B., et al. (2006).
Dysfunction of ventral striatal
reward prediction in schizophrenia.
Neuroimage 29, 409–416.
Keating, C., Tilbrook, A. J., Rossell, S.
L., Enticott, P. G., and Fitzgerald,
P. B. (2012). Reward processing in
anorexia nervosa. Neuropsychologia
50, 567–575.
Kendler, K. S., Karkowski, L. M., and
Prescott, C. A. (1999). Causal rela-
tionship between stressful lifeevents
and the onset of major depression.
A m .J .P s y c h i a t r y156, 837–841.
Kendler, K. S., Kessler, R. C., Neale,
M. C., Heath, A. C., and Eaves, L.
J. (1993). The prediction of major
depression in women: toward an
integrated etiologic model. Am. J.
Psychiatry 150, 1139–1148.
Kendler, K. S., Kuhn, J., and Prescott,
C. A. (2004). The interrelation-
ship of neuroticism, sex, and
stressful life events in the pre-
diction of episodes of major
depression. A m .J .P s y c h i a t r y161,
631–636.
Kessler, R. C. (1997). The effects of
stressful life events on depression.
Annu. Rev. Psychol. 48, 191–214.
Kim, H., Shimojo, S., and O’Doherty,
J. P. (2006). Is avoiding an aversive
outcome rewarding? Neural sub-
strates of avoidance learning in the
human brain.PLoS Biol. 4:e233.doi:
10.1371/journal.pbio.0040233
Knutson, B., Fong, G. W., Bennett, S.
M . ,A d a m s ,C .M . ,a n dH o m m e r ,
D. (2003). A region of mesial
prefrontal cortex tracks mon-
etarily rewarding outcomes:
characterization with rapid event-
related fMRI. Neuroimage 18,
263–272.
Knutson, B., Taylor, J., Kaufman, M.,
Peterson, R., and Glover, G. (2005).
Distributed neural representation
of expected value. J. Neurosci. 25,
4806–4812.
Knutson, B., Westdorp, A., Kaiser, E.,
and Hommer, D. (2000). FMRI
visualization of brain activity dur-
ing a monetary incentive delay task.
Neuroimage 12, 20–27.
Koch, K., Wagner, G., Schultz, C.,
Schachtzabel, C., Nenadic, I., Axer,
M., et al. (2009). Altered error-
related activity in patients with
schizophrenia. Neuropsychologia 47,
2843–2849.
Koob, G., and Kreek, M. J. (2007).
Stress, dysregulation of drug reward
pathways, and the transition to drug
dependence. Am. J. Psychiatry 164,
1149–1159.
Kuiper, N. A., Olinger, L. J., and Lyons,
L.M.(1986).Globalperceived stress
level as a moderator of the rela-
tionshipbetweennegative lifeevents
and depression. J. Hum. Stress 12,
149–153.
Lataster, J., Collip, D., Ceccarini, J.,
H a a s ,D . ,B o o i j ,L . ,V a nO s ,J . ,
et al. (2011). Psychosocial stress is
associated with in vivo dopamine
release in human ventromedial
prefrontal cortex: a positron emis-
sion tomography study using
[(1)F]fallypride. Neuroimage 58,
1081–1089.
Lemmens, S. G., Rutters, F., Born, J.
M., and Westerterp-Plantenga, M.
S. (2011). Stress augments food
‘wanting’ and energy intake in vis-
ceral overweight subjects in the
absence of hunger. Physiol. Behav.
103, 157–163.
Liston, C., Miller, M. M., Goldwater, D.
S., Radley, J. J., Rocher, A. B., Hof,
P. R., et al. (2006). Stress-induced
alterations in prefrontal cortical
dendritic morphology predict
selective impairments in perceptual
attentional set-shifting. J. Neurosci.
26, 7870–7874.
Maes, M., Van Bockstaele, D. R.,
Gastel, A., Song, C., Schotte,
C., Neels, H., et al. (1999). The
effects of psychological stress on
leukocyte subset distribution in
humans: evidence of immune
activation. Neuropsychobiology 39,
1–9.
Maier, S. F., and Watkins, L. R. (2010).
Role of the medial prefrontal cortex
in coping and resilience. Brain Res.
1355, 52–60.
Mather, M.,andLighthall, N.R.(2012).
Both risk and reward are processed
differently in decisions made under
stress. C u r r .D i r .P s y c h o l .S c i .21,
36–41.
McEwen, B. S. (2007). Physiology and
neurobiology of stress and adap-
tation: central role of the brain.
Physiol. Rev. 87, 873–904.
Mizoguchi, S., Suzuki, Y., Kiyosawa,
M., Mochizuki, M., and Ishii, K.
(2003). Neuroimaging analysis
of a case with left homonymous
hemianopia and left hemispatial
neglect. Jpn. J. Ophthalmol. 47,
59–63.
Myin-Germeys, I., Delespaul, P., and
Van Os, J. (2005). Behavioural
sensitization to daily life stress
in psychosis. Psychol. Med. 35,
733–741.
Myin-Germeys, I., Van Os, J., Schwartz,
J. E., Stone, A. A., and Delespaul,
P. A. (2001). Emotional reactivity to
daily life stress in psychosis. Arch.
Gen. Psychiatry 58, 1137–1144.
Ochsner, K. N., and Gross, J. J. (2005).
The cognitive control of emotion.
Trends Cogn. Sci. 9, 242–249.
Ons, S., Rotllant, D., Marin-Blasco,
I. J., and Armario, A. (2010).
Immediate-early gene response to
repeated immobilization: Fos pro-
tein and arc mRNA levels appear to
be less sensitive than c-fos mRNA
to adaptation. Eur. J. Neurosci. 31,
2043–2052.
Ossewaarde, L., Qin, S., Van Marle, H.
J . ,V a nW i n g e n ,G .A . ,F e r n a n d e z ,
G., and Hermans, E. J. (2011).
Stress-induced reduction in reward-
related prefrontal cortex function.
Neuroimage 55, 345–352.
P a l m i n t e r i ,S . ,J u s t o ,D . ,J a u f f r e t ,C . ,
Pavlicek,B.,Dauta,A.,Delmaire,C.,
et al. (2012). Critical roles for ante-
rior insula and dorsal striatum in
punishment-based avoidance learn-
ing. Neuron 76, 998–1009.
Pascucci, T., Ventura, R., Latagliata, E.
C., Cabib, S., and Puglisi-Allegra,
S. (2007). The medial prefrontal
cortex determines the accum-
bens dopamine response to stress
through the opposing inﬂuences
of norepinephrine and dopamine.
Cereb. Cortex 17, 2796–2804.
P a t e l ,P .D . ,L o p e z ,J .F . ,L y o n s ,
D. M., Burke, S., Wallace, M.,
and Schatzberg, A. F. (2000).
Glucocorticoid and mineralocorti-
coid receptor mRNA expression in
squirrel monkey brain. J. Psychiatr.
Res. 34, 383–392.
Pessiglione, M., Seymour, B., Flandin,
G., Dolan, R. J., and Frith, C.
D. (2006). Dopamine-dependent
prediction errors underpin reward-
seeking behaviour in humans.
Nature 442, 1042–1045.
Petzold, A., Plessow, F., Goschke, T.,
and Kirschbaum, C. (2010). Stress
reduces useofnegative feedback ina
feedback-based learningtask.Behav.
Neurosci. 124, 248–255.
Phillips, N. K., Hammen, C. L.,
Brennan, P. A., Najman, J. M., and
Bor, W. (2005). Early adversity
and the prospective prediction of
depressive and anxiety disorders
in adolescents. J. Abnorm. Child
Psychol. 33, 13–24.
Pizzagalli, D. A., Bogdan, R., Ratner,
K. G., and Jahn, A. L. (2007).
Increased perceived stress is associ-
ated with blunted hedonic capacity:
potential implications for depres-
sion research. Behav. Res. Ther. 45,
2742–2753.
Pizzagalli, D. A., Holmes, A. J., Dillon,
D .G . ,G o e t z ,E .L . ,B i r k ,J .L . ,
Bogdan, R., et al. (2009). Reduced
caudate and nucleus accumbens
Frontiers in Human Neuroscience www.frontiersin.org May 2013 | Volume 7 | Article 180 | 9Treadway et al. Perceived stress and mPFC
response to rewards in unmedicated
individuals with major depressive
disorder. A m .J .P s y c h i a t r y166,
702–710.
P o r c e l l i ,A .J . ,L e w i s ,A .H . ,a n d
Delgado, M. R. (2012). Acute stress
inﬂuences neural circuits of reward
processing. Front. Neurosci. 6:157.
doi: 10.3389/fnins.2012.00157
Pruessner, J. C., Hellhammer, D.
H., and Kirschbaum, C. (1999).
Burnout, perceived stress, and
cortisol responses to awakening.
Psychosom. Med. 61, 197–204.
R a d l e y ,J .J . ,A r i a s ,C .M . ,a n d
Sawchenko, P. E. (2006a). Regional
differentiation of the medial
prefrontal cortex in regulat-
ing adaptive responses to acute
emotional stress. J. Neurosci. 26,
12967–12976.
Radley, J. J., Rocher, A. B., Miller,
M . ,J a n s s e n ,W .G . ,L i s t o n ,
C., Hof, P. R., et al. (2006b).
Repeated stress induces dendritic
spine loss in the rat medial pre-
frontal cortex. Cereb. Cortex 16,
313–320.
Radley, J. J., Rocher, A. B., Janssen, W.
G . ,H o f ,P .R . ,M c E w e n ,B .S . ,a n d
Morrison, J. H. (2005). Reversibility
of apical dendritic retraction in the
rat medial prefrontal cortex follow-
ing repeated stress. Exp.Neurol. 196,
199–203.
Rao, U., Hammen, C. L., London,
E. D., and Poland, R. E. (2009).
Contribution of hypothalamic-
pituitary-adrenal activity and
environmental stress to vulnera-
bility for smoking in adolescents.
Neuropsychopharmacology 34,
2721–2732.
Rushworth, M. F., Walton, M. E.,
Kennerley, S. W., and Bannerman,
D. M. (2004). Action sets and deci-
sions in the medial frontal cortex.
Trends Cogn. Sci. 8, 410–417.
Samanez-Larkin, G. R., Hollon, N. G.,
Carstensen, L. L., and Knutson,
B. (2008). Individual differences in
insular sensitivity during loss antic-
ipation predict avoidance learning.
Psychol. Sci. 19, 320–323.
Schwabe, L., Tegenthoff, M., Hoffken,
O., and Wolf, O. T. (2012).
Simultaneous glucocorticoid and
noradrenergic activity disrupts the
neural basis of goal-directed action
in the human brain. J. Neurosci. 32,
10146–10155.
Schwabe, L., and Wolf, O. T. (2009).
Stress prompts habit behavior in
humans. J. Neurosci. 29, 7191–7198.
Scott, D. J., Heitzeg, M. M., Koeppe,
R. A., Stohler, C. S., and Zubieta, J.
K. (2006). Variations in the human
pain stress experience mediated by
ventral and dorsal basal ganglia
dopamine activity. J. Neurosci. 26,
10789–10795.
Seligman, M. E., Maier, S. F., and Geer,
J. H. (1968). Alleviation of learned
helplessness in the dog. J. Abnorm.
Psychol. 73, 256–262.
Shaﬁei, N., Gray, M., Viau, V., and
Floresco, S. B. (2012). Acute stress
induces selective alterations in
cost/beneﬁt decision-making.
Neuropsychopharmacology 37,
2194–2209.
S h i n ,L .M . ,L a s k o ,N .B . ,M a c k l i n ,M .
L., Karpf, R. D., Milad, M. R., Orr,
S. P.,et al. (2009). Resting metabolic
activity in the cingulate cortex and
vulnerabilityto posttraumatic stress
disorder. Arch. Gen. Psychiatry 66,
1099–1107.
Sinha, R. (2001). How does stress
increase risk of drug abuse and
relapse? Psychopharmacology 158,
343–359.
Sinha, R. (2008). Chronic stress, drug
use, and vulnerability to addiction.
Ann. N.Y. Acad. Sci. 1141, 105–130.
Soares, J. M., Sampaio, A., Ferreira,
L. M., Santos, N. C., Marques,
F., Palha, J. A., et al. (2012).
Stress-induced changes in human
decision-making are reversible.
Transl. Psychiatry 2:e131. doi:
10.1038/tp.2012.59
Soliman, A., O’Driscoll, G. A.,
Pruessner, J., Holahan, A. L.,
Boileau, I., Gagnon, D., et al.
(2008). Stress-induced dopamine
release in humans at risk of psy-
chosis: a [11C]raclopride PET
study. Neuropsychopharmacology
33, 2033–2041.
Treadway, M. T., Buckholtz, J. W.,
Cowan, R. L., Woodward, N. D.,
Li, R., Ansari, M. S., et al. (2012).
Dopaminergic mechanisms of indi-
vidual differences in human effort-
based decision-making. J. Neurosci.
32, 6170–6176.
Treadway, M. T., Grant, M. M., Ding,
Z., Hollon, S. D., Gore, J. C.,
and Shelton, R. C. (2009). Early
adverse events, HPA activity and
rostral anterior cingulate volume
in MDD. PLoS ONE 4:e4887. doi:
10.1371/journal.pone.0004887
Treadway, M. T., and Zald, D. H.
(2011). Reconsidering anhedonia
in depression: lessons from trans-
lational neuroscience. Neurosci.
Biobehav. Rev. 35, 537–555.
T r e a d w a y ,M .T . ,a n dZ a l d ,D .H .( i n
press). Parsing anhedonia: transla-
tional models of reward-processing
deﬁcits in psychopathology. Curr.
Dir. Psychol. Sci.
Volkow, N. (2004). Drug dependence
and addiction, III: expectation and
brain function in drug abuse. Am. J.
Psychiatry 161, 621.
Wallis, J. D., and Kennerley, S. W.
(2010). Heterogeneous reward sig-
nalsinprefrontal cortex.Curr. Opin.
Neurobiol. 20, 191–198.
W a n g ,H .T . ,H a n ,F . ,G a o ,J .L . ,
and Shi, Y. X. (2010). Increased
phosphorylation of extracellu-
lar signal-regulated kinase in
the medial prefrontal cortex
of the single-prolonged stress
rats. Cell. Mol. Neurobiol. 30,
437–444.
W e l l e r ,J .A . ,L e v i n ,I .P . ,S h i v ,B . ,a n d
Bechara, A. (2009). The effects of
insula damage on decision-making
for risky gains and losses. Soc.
Neurosci. 4, 347–358.
Wellman, C. L. (2001). Dendritic reor-
ganization in pyramidal neurons
in medial prefrontal cortex after
chronic corticosterone administra-
tion. J. Neurobiol. 49, 245–253.
Willner, P., Muscat, R., and Papp,
M. (1992a). An animal model of
anhedonia. Clin. Neuropharmacol.
15(Suppl. 1) Pt A:550A–551A.
Willner, P., Muscat, R., and Papp,
M. (1992b). Chronic mild stress-
induced anhedonia: a realistic ani-
mal model of depression. Neurosci.
Biobehav. Rev. 16, 525–534.
Yuii, K., Suzuki, M., and Kurachi,
M. (2007). Stress sensitization in
schizophrenia. Ann. N.Y. Acad. Sci.
1113, 276–290.
Conﬂict of Interest Statement: The
authors declare that the research
was conducted in the absence of any
commercial or ﬁnancial relationships
that could be construed as a potential
conﬂict of interest.
Received: 12 January 2013; accepted: 22
April 2013; published online: 20 May
2013.
Citation: Treadway MT, Buckholtz JW
and Zald DH (2013) Perceived stress
predicts altered reward and loss feed-
back processing in medial prefrontal cor-
tex. Front. Hum. Neurosci. 7:180. doi:
10.3389/fnhum.2013.00180
Copyright © 2013 Treadway, Buckholtz
and Zald. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License,
which permits use, distribution and
reproduction in other forums, provided
the original authors and source are
credited and subject to any copyright
notices concerning any third-party
graphics etc.
Frontiers in Human Neuroscience www.frontiersin.org M a y2 0 1 3|V o l u m e7|A r t i c l e1 8 0| 10